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ABSTRACT
The reciprocating compressor manifold design is very important for the compressor to achieve the goals of energy
efficiency, acoustic and reliability. The main components involved in the manifold design are the cylinder, piston,
valve plate, valves, cylinder head, bolts and gaskets. The design of a reciprocating compressor manifold is a
multifunctional activity, which involves knowledge from thermal, acoustic, structural and tribology areas. The
objective of this paper is to present the main aspects related with the structural analysis of the manifold, with special
attention to gasket and valve plate deformation. The analysis is performed by the finite element method, and it
involves highly non-linear aspects because of the gasket behavior. The gasket properties are determined by a special
experimental procedure. Experimental results are presented to verify the precision of the methodology used.

1. INTRODUCTION
Normally, the performance of a refrigeration compressor is evaluated by the coefficient of performance (COP). COP
is defined by the rate between the refrigerating capacity and power consumption. Just one part of the energy
provided for the compressor is transformed in work to compress the gas, because there are losses during the
compressing process. The losses are related to thermodynamic process, mechanic aspects and electrical motor
efficiency.
A very important point to be considered in the COP evaluation is the compressor volumetric efficiency. Volumetric
efficiency is the ration between the actual volume flow rate in the compressor inlet and the displacement rate of the
compressor (maximum theoretical flow rate). Ideally, volumetric efficiency should be equal to one. However,
several aspects reduce the volumetric efficiency, such as: re-expansion of gas in clearance volume; pressure drops in
valves and flow passages; leakage from compression chamber; internal superheat and back-flow through valves.
Equation 1 presents the volumetric efficiency for a reciprocating compressor, where is possible to observe the
influence of the clearance volume.
(1)
The main components of the reciprocating compressor cylinder head system are showed in Figure 1. Clearance
volume is defined by the empty space at the top cylinder region, when the piston reaches its top-most position. It is
defined by the piston, crankcase, cylinder gasket, valve plate and suction valve. The objective of this work is to
evaluate the main factors that affect the clearance volume. It is important to mention that a large clearance volume
causes a reduction of refrigeration capacity and COP, whereas a small volume could cause the hit of the piston
against the valve plate, reducing the compressor reliability and increasing the total noise.
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Figure 1: Schematic view of main components of the cylinder head system and the clearance volume definition.

2. CLEARANCE VOLUME
The main factors that affect clearance volume size are: the distance between the top piston face and the top cylinder
face (when the piston is at top dead center); the cylinder gasket thickness; the cylinder head system components
deformation, mainly the valve plate, after the bolts torque application; empty volumes due to the suction valve and
discharge hole; and of course, the piston diameter. This work will evaluated the piston position related to the
cylinder top, cylinder gasket and the cylinder head system components deformation after the bolts torque application
(the assembly process).

2.1 Cylinder Gasket
For reciprocating compressor, the cylinder head system is where the suction and the compression of the refrigerant
fluid happen. This area is subject to high pressure gradients. As the cylinder head system is formed by a series of
components fixed by bolts, and forming a type of sandwich, the high pressure inside the cylinder head system tends
to force the refrigerant fluid to leak among the components to a lower pressure area. Therefore, the main reason for
using gaskets, alternating them with the other components, is to keep the insulation between the discharge and
suction volumes. The gasket is also responsible for absorbing the imperfections at the contact surfaces among the
components, such as flatness errors and roughness at the surface.
A second aspect for using gaskets is to increase a control over the clearance volume, because of the variations that
happen in the maximum positioning of the piston top in relation to the cylinder top. This positioning is the function
of a large chain of tolerances with the participation of all the compression mechanism components. This distance
between the piston top and the cylinder top is known as piston boss. Figure 2 shows two cylinder head system cases:
the first with a big piston boss and the second, with a small one. In the first case, there is a small clearance volume
and in the second, a large volume. Clearance volume correction can be made by using a thinner gasket for the
second case. Thus, a second function of the cylinder is, through the known piston boss, use gaskets of different
thicknesses to absorb larger tolerances from the compression mechanism components. This process guarantees a
clearance volume optimization, increasing the volumetric efficiency of the compressor, without the necessity to
improve the dimensional quality of the mechanism components.

23rd International Compressor Engineering Conference at Purdue, July 11-14, 2016

1168, Page 3

Figure 2: Influence of the piston boss size on the clearance volume.

2.2 Piston Boss
Piston boss is function of a chain of dimensions of the compression mechanism, which are related to manufacturing
tolerances and specifications of hydrodynamic bearing clearances. Figure 3 shows the chain of dimensions involved
in determining the piston boss, represented in the figure as . There are two possibilities of value distribution for
, which are referenced as
and
. The first possibility,
, known as ‘empty’, happens when there are no
pressure charges on the piston top, and only the inertial forces act on the components. In this situation, all the
clearances add to the salience. The second possibility,
, and known as ‘full’, happens when there are pressure
charges on the piston top, causing all the clearances to be subtracted from the salience.

Figure 3: The chain of tolerances to evaluate the piston boss.

The best way to evaluate
is through statistical analysis, where the manufacturing tolerances of the components
and the clearances among the components are considered. The statistical method presents more realistic results than
using other methods, as for example, the worst case methodology.
and
are calculated through Equation 2
and 3. This methodology is called vector loop.
(2)
(3)
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The statistical distributions of each independent variable of the chain must be determined or estimated, based on real
data, or knowledge of the manufacturing process, or from similar projects. Figure 4 shows a normalized distribution
for N2 dimension. Through statistical methods, like Monte Carlo, it is possible to generate data in a pseudo random
form, and statistically create the distribution, according to Figure 5. The distributions of
and
are obtained
through the statistical analysis of the universe of data generated by the results of the mathematical operations, as
Figure 6 and 7 show.

Figure 4: Example of N2 - distribution normalized.

Figure 6:

distribution with pressure
(normalized).

Figure 5: Example of N2 - distribution
created by Monte Carlo method.

Figure 7:

distribution without pressure
(normalized).

2.3 Cylinder Head System Deformation
All the cylinder head system components are fixed by four bolts and torque application. An undesirable consequence
of this procedure is the deformation of all the components, which influences the clearance volume. Figure 8 shows a
hypothetical deformation of a compressor cylinder head system, where mainly it is possible to see the valve plate
behavior. In the situation presented, the excessive deformation of the valve plate is harmful to the performance of
the compressor, as the deformations happen by invading the area that was defined by the salience to be the clearance
volume. If this situation is not corrected through a thicker gasket, the piston may hit the valve plate. A thicker gasket
causes an increase in the compressor clearance volume, with all the negative consequences already presented at the
beginning of this article.
An efficient way to predict cylinder head system deformations is by a numerical simulation through the finite
element method, where the main factors involved in the deformation can be considered in the analysis. In the
following topic, the main aspects to be considered for a proper numerical modeling of the cylinder head system will
be presented.
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Figure 8: Manifold deformation after bolts assembly.

3. NUMERICAL SIMULATION FOR CYLINDER MANIFOLD SYSTEM
For the finite element model of cylinder-manifold system, the main aspects to be considered are: the geometry of the
components, material property and boundary conditions, mainly forces applied over the structure. The main
difficulty to create a precise numerical to predict the deformations is primarily related to the variety of materials that
form the cylinder head system, where the gaskets and the interaction among the other components have a highly
nonlinear behavior.

3.1 Geometry and Mesh
The geometrical modeling of the components, with the creation of the respective finite element meshes, is topics of
the numerical simulation that had great advances in the last decades, and made the numerical simulation of very
complex structures feasible. With the total integration between CAD and CAE systems, along with the availability
of robust algorithm for mesh creation, the task of creating the finite element models presented a significant increase
in productivity. Puff (2008) presented a finite element model which will be basically considered in this analysis.

3.2 Gasket Mechanical Properties
Gaskets are mechanical elements used to promote insulation among the several components that form the cylinder
head system. In the case of alternating compressors, two gaskets are used: one between the valve plate and the
cylinder top and another between the valve plate and the cylinder cover. The two main materials used in this type of
application are hydraulic cardboard and metallic sheets coated with polymeric material. These materials show a
nonlinear behavior when under a charging, and are also strongly influenced by thickness. The mechanical properties
of the gaskets are rarely provided by their suppliers, which creates the necessity to develop specific tests to evaluate
them. The gaskets compressibility property (deformation versus load) may be determined by a special compression
experiment, as shown in Figure 9.
Figure 10 shows the results of load versus deformation for two gaskets made of the same material, but with different
thicknesses. The gasket on the right is 30% thicker than the one on the left. Another phenomenon observed from the
results, through the application and removal of the charge, is a material hysteretic behavior, and with different
results for every operation cycle. In this case presented here, five cycles of load and relief were applied, where a
convergence of results is observed for the last charge cycles. This is an important topic because, due to the running
of the compressor, the cylinder head system suffers large variations of temperature, on account of the release of heat
during the refrigerant fluid compression process. The thermal expansion of the components, and consequently a
significant increase in load over the gaskets, causes different deformations for the cylinder head system.
Understanding the curves load versus deformation for the gaskets is the vital importance for the cylinder head
system numerical simulation model.
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Figure 9: Compressibility gasket property test.

Figure 10: Gasket compressibility properties for two different thicknesses.

3.3 Bolts Force
All the cylinder head system components are fixed by four bolts, with the application of their respective torques. For
the numerical model, it is necessary to know precisely the relation between the applied torque and the effectively
resulting force over the components. According to Figure 11, these compression forces are the boundary conditions
for the evaluation of the components deformations, either by experiments or by numerical simulation. Force is the
function of the torque and the friction between the surfaces on the head and the thread of the bolt. According to
Mischke and Shigley (1989), it is possible to evaluate the portion of torque dispersed in friction in a simplified way
by Equation 4.
(4)
As there is a portion referring to the friction between the bolt and the other components, an experiment is necessary
to verify or calibrate the relation between the torque and the applied force. Figure 12 shows an experiment where
through the charge cells, it is possible to evaluate experimentally the behavior of the force as function of the applied
torque. Figure 13 shows the results found for a given cylinder head system configuration.
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Figure 11: Bolt forces.

Figure 12: Experimental test for measurement the effective bolt force.

Figure 13: Relationship between force versus torque.
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3.4 Numerical Analysis
Figure 14 shows the deformation gradient of the valve plate after applying the force charge resulting from the
torque, as shown in Figure 13. What is relevant for this analysis is how much the valve plate invades the hot
chamber, and for that, the best analysis is through the deformation profile towards the cylinder, as shown with an
enlarged scale in Figure 15.

Figure 14: Valve plate deformation.

Figure 15: Clearance volume and valve
plate deformation.

4. NUMERICAL VERSUS EXPERIMENTAL RESULTS
Accuracy of the obtained results with the numerical models was done through experimentation by laser
measurements, where after the torque application; the valve plate deformation was measured by the inner side of the
cylinder, as Figure 16 shows. In order to compare the results, the same region scanning by the laser was created in
the numerical model (Figure 17).

Figure 16: Measurement laser line.

Figure 17: Numerical path displacement.

Figure 18 shows the comparison of the displacement results measured in the valve plate through the experimental
and the numerical processes. The maximum difference between the numerical model and the experiment is around
5%.
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Figure 18: Comparison experimental and numerical
results for valve plate deformation.

5. CONCLUSIONS
The reciprocating compressor manifold design is very important for the compressor to achieve the goals of energy
efficiency, acoustic and reliability. The main aspects related with the structural analysis of the manifold are:








The use of gasket is the fundamental importance for absorbing the imperfections at the contact surfaces
among the components, such as flatness errors and roughness at the surface. The second aspect for using
gaskets is to increase a control over the clearance volume, because of the variations that happen in the
maximum positioning of the piston top in relation to the cylinder top.
It is the fundamental importance to use statistical tools to define the gasket thickness according the
variation of piston boss, because this dimension is resultant of several variables.
The use of special experiment to evaluate the mechanical properties for the gaskets is crucial for the
success of numerical model (non-linear properties).
Experimental procedure for calibration the relation torque versus force for the bolts is important to find the
bolt constant.
The finite element method is a powerful tool to have a good design for the manifold, considering the
deformation of the components after the bolts assembly. This tool reduces the development time, with an
optimized design.
The success of the numerical model to predict the manifold deformation, beyond of numerical capabilities,
is the quality of the input data, as material properties and forces. Just in this way it is possible to have a
maximum difference between the numerical model and the experiment around 5%. It is a very good result
due the complexity of the model.
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NOMENCLATURE
CAD
CAE
COP
d
F
K
k
N
P
P
R
T
V
η

Computer Aided Design
Computer Aided Engineering
Coefficient of Performance
nominal bolt diameter
force
torque coefficient
polytrophic coefficient
dimension
dimension
pressure
piston boss
torque
volume
efficiency

Subscript
b
c
d
s
sw
v
1 ... 5
1e
1f

bolt
clearance
discharge
suction
swept
volumetric
indexes
piston boss empty
piston boss full

(-)
(mm)
(N)
(-)
(-)
(mm)
(mm)
(N/mm2)
(mm)
(N.mm)
(mm3)
(-)
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